Abstract. Magnetic polishing liquid (MPL), a mixture of MF (magnetic fluid), MRF (magnetorheological fluid), abrasive particles and cellulose, is a type of smart material proposed for surface finishing by the authors. Its fundamental performance in non-contact surface finishing was experimentally investigated with respect to the influences of the magnetic field strength and the gap between the working surface and the polishing pad surface on work surface quality indicators such as surface roughness and topography. The results showed that a stronger magnetic field gives a better surface quality, and that an appropriate gap is important in increasing the polishing efficiency.
Introduction
Magnetic fluid (MF) and magnetorheological fluid (MRF) have been utilized in a wide range of industries [1, 2] . Especially they are applied in MFAP (Magnetic [Field-Assisted] Polishing) [3, 4] to improve the surface finishing of mechatronics and optoelectronics components. However, MF and MRF each have disadvantages when applied to surface finishing [5] . Therefore, one of the present authors developed a magnetic compound fluid (MCF) by mixing a MF and a MRF [5] . This new functional fluid has a greater magnetic pressure and a higher apparent viscosity than MF, and a greater stability of magnetic-field particle distribution than MRF. By taking advantage of MCF, magnetic polishing liquid (MPL), a smart polishing liquid for surface finishing produced by mixing abrasive particles into a MCF, was proposed. It has been applied experimentally to surface finishing, and its usefulness in improving the metal surface quality has been confirmed [6] .
However, polishing processes using conventional MPL have only been conducted under a constant contact force between the polishing pad and the work surface. In these cases, damage is incurred to the upper layer of the work surface, resulting in depreciation of the machined workpiece. Therefore, this study proposes a new polishing method, contact force-free magnetic polishing, and develops a new MPL suitable for this process. Its behavior under a magnetic field and fundamental performance in polishing operations have been clarified in a previous work [7] . This report describes in detail the performance of the new MPL in metal surface finishing.
Principle of contact force-free polishing using MPL and experimental procedure
The MPL used in polishing experiments was prepared by blending a water-based magnetic fluid (6.2 wt.%), 1.2 μm-size carbonyl iron powder (9.47 wt.%), 3 μm-size pure alumina (Al2O3) abrasive particles (6.19 wt.%), and α-cellulose fiber (6.02 wt.%) into distilled water (72.12 wt.%). Figure 1 shows the principle of contact force-free polishing. The workpieces are attached on a work holder connected to an upper spindle rotating counter-clockwise around its axis at a rotational speed of n U . An aluminium alloy dish containing the MPL is fixed on a lower spindle rotating clockwise around its axis at a rotational speed of nL. The magnets are fixed on a holder below the dish and to one side. Thus, part of the MPL responds to the magnetic field generated by the magnets and swells with a height of h and an area of S [7] . The strength and area of the magnetic field affecting the h and S can be adjusted by changing the distance from the magnets' top face to the dish bottom, l, and the number of magnets used. It is obvious that in order to realize polishing, the gap between the workpiece and the dish bottom, δ, must be smaller than the MPL swell height, h, so that the abrasive particles within the MPL can interfere with the working surface. For this purpose, the vertical position of the work holder is carefully adjusted using a fine adjustment mechanism so that δ < h .
When the upper spindle is rotating, a relative motion occurs between the work surface and the abrasive particles, and polishing progresses due to the cutting action of the abrasive particles on the work materials. If the lower spindle rotates, it gives the MPL a rotating motion around the spindle axis, further increasing the relative speed of the abrasive particles as they come into contact with the working surface. Based on the concept described above, an experimental rig was constructed as illustrated in Fig. 2 . An air spindle installed on the bed was employed as the lower spindle, with a hydrostatic spindle as the upper spindle. A load cell placed between the work holder and the hydrostatic spindle was used to determine the vertical contact point of the work piece with the MPL dish. In addition, the determined vertical position of the hydrostatic spindle unit was balanced with a weight.
During polishing, the rotational speeds of the MPL dish and the workpiece were set up at 35 min -1 and 700 min -1 , respectively. The numbers of magnets were 1, 4, and 8. The applied magnetic field strength measured at the dish bottom varied in the range of 0 T-0.15 T, and the gap was set at δ = 0.5, 0.74, and 1 mm. Initially, 83 ml of MPL was poured into the MPL dish. Round stainless steel (SUS304) discs (ø8 mm x t3 mm) were used as the workpieces. All the workpieces were pre-polished with GC abrasive paper of mesh size #600 so that their initial surface roughness was around Ra0.09 μm. Figures 3(a) and (b) show an SEM image and the roughness curve ofan initial work surface. Since the water-based MPL dries during polishing, causing the MPL to lose its response to the magnetic field, an appropriate volume of distilled water was added at an appropriate interval.
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Experimental results and discussions
A typical SEM image of the polished work surface and its roughness curve are shown in Figs 4(a) and (b) , respectively. It can be seen that, compared with the initial conditions (see Fig. 3 ), most of the cutting traces disappeared after polishing, and the surface roughness decreased from an initial value of Ra0.09μm to a finale value of Ra0.067 μm. Figure 5 shows the variation of the surface roughness Ra with polishing time under different water adding rates. When no water was added or when the adding rate was either lower or higher than 8 ml/5 min, the Ra decreased initially, but soon reached a plateau. By contrast, when water was added at a rate of 8 ml/5 min, the Ra decreased continuously. This indicates that the adding rate of 8 ml/5 min was an optimal water replacement rate. Figure 6 shows the variation of the Ra during polishing for various magnetic field strengths, demonstrating that stronger magnetic fields produced higher roughness improvement rates. This is thought to be because many more abrasive particles become concentrated on the MPL swell top to polish the work surface due to the magnetic levitation effect of a stronger magnetic field. However, the influence of a magnetic field stronger than 0.15 T should be studied further by rebuilding an experimental rig capable of generating a stronger magnetic field. Figure 7 shows the obtained Ra plotted against the gap δ . I t is evident that the surface roughness improvement rate increases with an increasing gap. The MPL swell height h was about 1.1mm under the current conditions; this result suggests that the vertical position of the work surface should be as close to the MPL swell top as possible since a large portion of the abrasive particles concentrate on this area due to the magnetic levitation effect; otherwise the polishing efficiency drops because of the lack of abrasive particles. Finally, the effect of the number of magnets is shown in Fig. 8 : namely, the larger the number, the higher the surface roughness improvement rate. This is because a larger number of magnets increases the number of abrasive particles that come in contact with the work surface.
Conclusions
A new magnetic polishing liquid (MPL), produced by mixing water-based MF, MRF, abrasive particles and cellulose, was proposed. Details of its performance in contact force-free surface polishing were investigated experimentally. The obtained results can be summarized as follows: -Water should be added into the MPL at an appropriate adding rate. Otherwise the MPL will dry and its polishing ability will decrease. Under the current experimental conditions, the appropriate adding rate was about 8 ml/5 min. -Stronger and larger magnetic fields raise the surface roughness improvement rate.
-The gap between the working surface and the MPL dish bottom should be set up so that the working surface is as close to the MPL swell top as possible.
